Resonantly enhanced, three-photon absorption has been observed in Nd-doped yttrium aluminum garnet (Nd: YAG). This process probes the energy-level structure of the Nd 4f' Sd' electron configuration. The measured maximum value of the three-photon absorption cross section is cr' = 1 x 10 ' cm s /photon, which is in good agreement with the expected size of the effect.
I. INTRODUCTION 
II. LINEAR SPECTROSCOPY OF Nd:YAG
This paper presents the results of a study of resonantly enhanced, three-, photon absorption in Nd-doped yttrium aluminum garnet (Y3Alg0~2) or Nd: YAG. The trivalent ions of the rare-earth elements, such as Nd'+, are characterized by energy levels which remain relatively sharp even in a crystalline environment, and thus crystalline solids doped with rare-earth ions present interesting systems in which to study resonantly enhanced optical nonlinearities.
While a number of different types of optical nonlinearity can be studied in impurity-doped crystals, such as two-photon absorption, " saturated absorption, ' degenerate four-wave mixing, ' and polarization spectroscopy, this paper focuses on.the process of three-photon absorption. 'Through the absorption of three visible photons we are able to excite Nd'+ energy levels which lie approximately 40000 to 70000 cm ' above the ground state, and hence belong to the 4f'Sd' electron configuration. Since Nd: YAG is essentially opaque for radiation of wave numbers greater than 42000 cm ', the technique of three-photon absorption allows us to probe regions of the 4 f '5d' configuration the energy levels inferred from our data of Fig. 1 along side the identified energy levels predicted by a calculation described by Koningstein. ' The agreement between measured and pr'edicted ent:rgies becomes worse at higher energy. Several additional predicted energy levels at energies greater than 40000 cm ' are also plotted.
The excited 4f 'Sd' electron configuration produces broad spectral features, believed to lie 40000 to 80000 cm ' above the ground state, since the Sd electron is not shielded from the crystal field.
Weber" has determined that one band belonging to this configuration extends from 43000 to 46000 cm '. The emission spectrum of this fluorscence has been measured using a 0.25-m monochromator and an EM1 9558Q photomultiplier.
The emission spectrum following excitation at 5935 A is shown in Fig.   3 ; the emission spectrum is virtually unchanged for excitation at other wavelengths. If the laser is defocused the emission at wavelengths shorter than the laser wavelength disappears, whereas the longerwavelength features are nearly unchanged, thus implying that the shorter-wavelength features are due to a nonlinear optical process.
All of the emission features at wavelengths shorter than the excitation wavelength have a decay time of 3 + -, p, s, thus suggesting that they have the same upper level, and in fact the wavelengths of these features are consistent with decay from the I3'F~~2 level to lower states. The features between 8000 and 9000 A, which can be excited through linear absorp- In order to determine the excitation process giving rise to the short-wavelength emission, we have measured the laser-power de endence of the strong emission features near 4000 with the laser tuned to 5935 A. A cubic dependence on laser power is found as shown in Fig. 4 , thus suggesting that the excitation process is three-photon absorption to the 4f 'Sd' 
wo being the minimum value of w (z) which it attains at the beam waist, and n being the refractive index of the host. The limits of integration on Eq.
(1) strictly correspond to the volume of the crystal, but for our experimental conditions the focal volume and thus the volume giving rise to appreciable fluorescence was confined to a small region interior to the crystal, and thus the limits of integration on Eq.
(1) may be allowed to approach infinity. If the variation in laser power due to absorption is assumed negligible over the longitudinal extent of the focal region, the laser power P may be held constant in performing the integration in Eq.
(1), leading to a closed-form expression for the three-photon cross section: The theory developed here treats the excitation process as one involving the simultaneous absorption of three laser photons. If however the excitation wavelength corresponds to a one-photon resonance, the excitation process can entail linear absorption to a real level followed at some later time by the absorption of two additional photons. In principle, these processes differ in that the former is a coherent process whereas the latter need not be, although both processes lead in lowest order to a transition rate proportional to the third power of the laser intensity with a cross section given by Eq. (5). For the case in which a real level is excited, it is possible that some nonradiative relaxation occurs before the additional absorption completes the excitation process, as has been suggested by Singh and Geusic' in The peak excitation wavelengths for fluorescence excited by three-photon absorption have been determined for much of the visible spectrum and are shown in Fig. 6 . Most of these excitation features are known to be enhanced by one-photon resonances. The additional features are perhaps one-or twophoton enhanced by energy levels which do not lead to dominant linear absorption lines and hence do not appear in the energy-level diagram of Fig. 2 , or perhaps these additional features are due to threephoton absorption to a final state belonging to the 4 f' configuration, such as the a'G7~~or n'G9/p level.
From the spectrum of three-photon absorption shown in Fig. 6 , we are also. able to ascertain the approximate positions of energy bands belonging to the 4 f'Sd' configuration, even though these energies lie above the YAG.absorption edge. Our technique does not rule out other possible energy levels, but does determine the existence of energy levels in the ranges 46000 -52000, 54000 -59000, 61 000 -62 500, and 68000-70000 cm ' above the ground state.
VI. CONCLUSIONS
We have observed the fluorescent decay following resonantly enhanced three-photon absorption in Nd:YAG. The maximum measured cross section for three-photon absorption, occurring for an excitation wavelength of 5935 A, is equal to 1.3 x 10 cm s'/photon'. This excitation wavelength is nearly one-photon resonant with the 'G5~2 level and two-photon resonant with an unidentified level 33700 cm ' above the ground state. The theoretical /
